ABSTRACT: A method is proposed to estimate the enthalpy of bio-oil in vapor phase, H bo , as a function of temperature in the range of 298.15-1000 K, of which experimental determination has not been done so far. The two equations proposed in this work allow estimation of the standard enthalpy of formation, H bo,0 , and the difference in the enthalpy between 298.15 K and a given temperature, ∆H bo (T), respectively, only based on the overall C, H and O contents of crude bio-oil of that N and S contents are lower than 0.5 and 0.1 wt%-daf, respectively. These equations were optimized using thermodynamic data of 290 and 141 organic compounds for H bo,0 , and ∆H bo (T), respectively. Given the yields of bio-oil, char and gas, the elemental compositions of the bio-oil and char, and chemical composition of the gas, the proposed equations predict the heat required for the biomass pyrolysis, Q py (T py ), which is defined as the enthalpy difference between the products at the pyrolysis temperature, T py , and biomass at 298.15 K. The predicted Q py at T py = 773-823 K for five different types of dry biomass was in the range of 1.1-1.6 MJ kg -1 .
INTRODUCTION
Estimation of the amount of heat required for the pyrolysis of biomass is an essential task in designing reactor systems for converting biomass to liquid (i.e., bio-oil), biochar and/or gas. The quantity of heat of biomass pyrolysis, which is hereafter referred to as Q py , is generally given by the following equation:
( 1) where T in and T out are the temperature of the biomass at the inlet of pyrolyzer and that of the pyrolysis product at the outlet, respectively. T out of a pyrolysis product may not necessarily be the same as that of the other products. H i is the enthalpy of a product i or the parent biomass. It is noted that H bo is the enthalpy of bio-oil in form of vapor, assuming that T out is high enough to avoid the condensation of the bio-oil. The enthalpy of steam is included in H gas (T out ).
Among the enthalpies of the pyrolysis products, H gas can be estimated accurately as a function of temperature, if the yields of the individual gaseous products are known.
Thermodynamic databases are available for gaseous species such as H 2 , CO, CO 2 , H 2 O, lower hydrocarbons and other minor gases that contain nitrogen or sulfur. The enthalpy of each gaseous species j is given from its standard enthalpy of formation (H j,0 ) and heat capacity (C p,j 
The enthalpy of char, H char (T), can be estimated in the same way as above:
The standard enthalpy of char, H char,0 , is directly calculated from the heat of combustion, or otherwise from the elemental composition. The heat capacity can be given as a function of temperature. 1, 2 Unlike in the case of solid and gaseous pyrolysis products, the determination or estimation of the enthalpy of bio-oil vapors, H bo , is not an easy task. Bio-oil is generally a mixture of hundreds or thousands of compounds, and it is virtually impossible to identify all of them. 3, 4 The overall standard enthalpy of formation of condensed bio-oil can be calculated from its heat of combustion and elemental composition, but it is impossible to measure the heat of vaporization because the vaporization and condensation of bio-oil are generally irreversible. [5] [6] [7] It is thus needed to develop a method to estimate H bo .
There have been reports on the heats of pyrolysis of cellulose and biomass as summarized by Milosavljevic et al. 8 and Haseli et al. 2 , indicating wide range of heats of pyrolysis (from endothermic to exothermic), and often inconsistent with each other. Such variety of the reported heats of pyrolysis may be due to the range of temperatures, heating rates, and other conditions that influence the secondary reactions of the volatiles released during biomass pyrolysis.
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Differential scanning calorimetry (DSC) has been employed to determine the heat of pyrolysis. 9-13 DSC quantitatively measures the overall or apparent heat capacity of solid upon heating, which involves heat of reaction and also heat of vaporization of the volatile matters. Heat of reaction is normally calculated by integrating such heat capacity with respect to time, but it is different from the quantity of heat that is the focus of the present study, i.e., above-defined quantity of heat, Q py , which involves the enthalpy of vaporized bio-oil and gas. In DSC analyses, the enthalpy of a vaporized volatile matter, released from the pyrolyzing solid, cannot be determined. However, in practical applications it is important to take this enthalpy into consideration regardless of the time-temperature history and extent of the secondary pyrolysis of the volatile matter.
Daugaard and Brown 14 measured Q py for pyrolysis of several different types of biomass at 773 K in a fluidized bed pyrolyzer with a special feature that allowed them to measure the net input of heat needed to pyrolyze the biomass. They reported that the pyrolysis was endothermic with Q py in a range of 0.8-1.6 MJ (kg-dry-biomass) -1 . Although, the reported data give a good reference to the estimation of Q py for the fluidized bed pyrolyzer at 773 K, a general method for the estimation of Q py under a variety of pyrolysis conditions is needed.
In particular, the estimation of enthalpy of bio-oil vapors, together with that of the gas and char, is necessary.
where H bo,0 and C p,bo are the standard heat of formation and heat capacity of bio-oil vapors, respectively. In the present study, a method to estimate H bo,0 and ∆H bo of bio-oil vapors only from its elemental composition is proposed and its accuracy is examined. In addition, Q py is estimated based on Eqs.1-4 and the quantitative pyrolysis product distributions for five different biomass samples pyrolyzed in a screw-conveyer pyrolyzer.
EXPERIMENTAL
2.1. Biomass Samples. Five biomass samples, cedar (cryptomeria japonica), pine (larix kaempferi), willow (salix), bamboo (f. pubescens) and sasa bamboo (sasa kurilensis) were used. Figure 1 shows a schematic diagram of the pyrolysis apparatus used in this work. The pyrolyzer was a horizontal screw-conveyer reactor that consisted of SUS316
tube with an inner diameter of 50 mm. The biomass was fed into the pyrolyzer at a constant rate of 260-270 g·h -1 , while N 2 was supplied from the hopper and also from the char collector at a total flow rate of 2.0 L min -1 at 101 kPa and 298 K. The temperature inside the reactor was defined as that inside the hollow shaft of the screw. As seen in Figure 1 , there was a temperature gradient within the zone ranging from L = 0 (inlet) to L = 150 mm under each condition for heating the pyrolyzer. The maximum temperature, T py , at L = 150 mm, was set at 773 or 823 K while 523 or 533 K at the inlet, respectively. The speed of screw rotation was adjusted so that the average residence time of the solid within the 150 mm long zone was 47 s unless otherwise noted. The average heating rate of the solid, if its temperature at a position L, was the same as that shown in Figure 1 , was estimated to be 6.2 and 5.3 K·s -1 at T py = 823 and 773 K, respectively. For the pyrolysis of the cedar with T py = 773 K, the average solid residence time was varied in a range from 47 to 470 s by changing the rotation speed of the screw.
The solid pyrolysis product, char, dropped into the collector where it was allowed to cool to ambient temperature. The volatiles were cooled to 423, 273, 233 and 203 K in the aerosol filter, the first, second and third condensers in series. 15 Quantitative condensation of water and condensable organic compounds with carbon number greater than five was confirmed in preliminary experiments. The total mass of the condensables was measured accurately by weighing the condensers before and after the run. The water contained in the condensed liquid was quantified by a Karl-Fischer titrimetry. The yield of the water-free organic condensables, which was defined as bio-oil, was determined by the difference between the yields of the condensables and water. The non-condensable gases (H 2 , CO, CO 2 , C 1 -C 4 hydrocarbons), methanol and acetaldehyde were collected in the gasbag and quantified by gas chromatography. 15 The total product recovery was 99-101% on mass basis. Table 2 summarizes the molar yields of products of pyrolysis at T py = 823 K. The individual yields have been normalized by the total product recovery.
DEVELOPMENT OF METHOD TO ESTIMATE ENTHALPY OF CHAR, GAS AND BIO-OIL VAPOR AND HEAT REQUIRED FOR PYROLYSIS
3.1. Estimation of enthalpy of char, gas and bio-oil vapor and heat required for pyrolysis. The heat required for the pyrolysis at a given peak temperature T py is defined by the following equation.
H char , H bo and H gas are the enthalpies of char, water-free bio-oil and that of gas (i.e., non-condensable gases and water vapor), and expressed by Eqs. 6, 7 and 8, respectively.
(6)
Enthalpy of product i (= char, gas or bio-oil) is the sum of standard enthalpy of formation at 
where m C , m H and m O are the contents of carbon, hydrogen and oxygen on the basis of ash-free mass of char. Properties of the chars from the pyrolysis at T py = 823 K are presented in Table 3 . Contribution of nitrogen and sulfur to HHV was ignored because their contents in the char were as low as 0.1-0.5 wt%-daf and below 0.1 wt%-daf, respectively. 
In the above equation, j and n indicate gaseous species and the total number of compounds involved in the gaseous products, respectively.
3.4. Enthalpy of formation of bio-oil. H bo,0 was estimated by an equation that has been developed in the present study, i.e., 
was minimized. A commercially available software, Solver (within Microsoft Excel), was used for the optimization. The results of the optimization will be reported later.
3.5. Specific heats of char, gas and bio-oil. The specific heats, C p,i 's, of the bio-oil and gas were given as a function of temperature while a constant value was assumed for that of the char. and 0.019 kJ mol-C -1 over a temperature range of 300-823 K. In the present study, was therefore assumed to be 0.02 kJ mol-C -1 . C p,gas was given as a function of temperature form the database.
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∆H bo (T py ) was estimated from H/C and O/C ratios of the bio-oil. In preliminary try-and-error examination, the present authors found that enthalpies of many organic compounds in the gas phase increase with increasing temperature in trends very similar to one another. Examples are shown in Figure 3 . Figure 3 Table 5 ). The set of parameters d, e 1 -e 4 and f 1 -f 4 was optimized in the same way as that of Eq.11. The optimized Eq.16 was then applied to estimation of ∆H bo (T py ). The R ∆H,bo was calculated by Eq.16 from the H/C and O/C ratios of the bio-oil, which are summarized in Table 6 .
RESULTS AND DISCUSSION
4.1. Estimation of standard enthalpy of formation. Figure 4 compares H bo,0 calculated by Eq.11 with that available in the literature 17 for 290 organic compounds listed in Table 4 .
The optimized set of the parameters of Eq.11 are listed in kJ mol-C -1 . Eq.11 also overestimates H 0 's of C 2 -C 10 carboxylic acids (acetic acid to decanoic acid; 212-222), an acetic acid ester (275) and alkylated benzoic acids (278, 279) with errors of +10 to +18 kJ mol-C -1 . On the other hand, H 0 's of 14 compounds (181, 224, 227, 228, 230, 231, 236, 237, 269-272, 283, 286) are underestimated with errors of 12 to 22 kJ mol-C -1 .These 14 compounds involve an aldehyde, furans, a quinone and ethers.
Butanoic acid (214), ethylacetate (242) However, the extent of this limitation needs to be examined in context of the estimation H 0 of real bio-oil. As shown above, Eq.11 overestimates ∆H 0 's of carboxylic acids (212-222) with errors of 10 to 18 kJ mol-C -1 . Carboxylic acids, in particular, acetic and formic are normally abundant in bio-oils, but it is safe to say that their total content in the bio-oil is well below 50% 18 on a carbon basis unless the pyrolysis of biomass is terminated in a very early period of bio-oil evolution for effective recovery of liquid such as wood vinegar.
Dieni et al. 19 prepared a bio-oil by pyrolyzing the same cedar chips as those used in this study at 773 K with the same pyrolyzer and they found that the content of GC/MS-detectable carboxylic acid was 9% on a carbon basis. Besides this, Eq.11 also overestimates of H 0 's of acetic acid and benzoic acid esters (275, 277 and 278) with errors of 6-14 kJ mol-C -1 .However, the total content of esters in bio-oil would be even less than that of carboxylic acids. 18 Therefore, it is safe to assume that positive errors occurring in estimating H bo,0 do not amount to more than a value of 10 kJ (mol-C-bio-oil) -1 .
Furthermore, Eq.11 underestimates H 0 's of furan (227) In calculation of the heat required for pyrolysis, i.e., Q py , contribution of the error in estimating H bo,0 by Eq.11 to the total error is a function of the bio-oil yield and composition. As shown in Table 8 , the error in estimation of H bo,0 is expected to be at most 1% of HHV of the feedstock biomass, in other words, 0.2 MJ (kg-biomass) -1 , assuming that Eq.11 estimates H bo,0 within error of ±10 kJ (mol-C-bio-oil) -1 .
Given ∆H 0 , the standard heat of combustion, ∆H comb , of a compound can be directly calculated. Figure 5 compares heats of combustion, ∆H comb and ∆H comb,calc , which are derived from H 0 and H 0,calc , respectively. Both ∆H comb and ∆H comb,calc are based on assumption of gas phase combustion to produce not water but steam together with CO 2 .
The maximum positive and negative errors are +3.5% (propanoic acid; 213) and -4.1%
(2-furancarboxaldehyde; 228), respectively. For 280 compounds, among the 290 compounds listed in Table 4 , the errors in estimation of ∆H comb are within ±3%. Eq.11 is thus an equation that estimates heat of combustion of various types of hydrocarbons and oxygen-containing organic compounds within ±3% errors despite relying only on H/C and O/C ratios as the basis for its calculation.
Estimation of ∆H for organic compounds and bio-oil.
The optimized set of parameters of Eq.16 is summarized in Table 9 . The results of estimation of ∆H for the 141 compounds are presented in Figure 6 . For every compound, the error in the estimation, i.e., ∆H k,calc -∆H k , varies with temperature since ∆H k is a function of temperature. Though not mentioned in Section 2.7, the set of parameters of Eq.16 was optimized so that the sum of squared residuals,
for 1000 K was minimized, because it was found in preliminary examination that the sum of squared residuals increased monotonously with temperature. It is seen in Figure 6 that the error is smaller than 1.5 kJ mol-C -1 over the temperature range of 600-1000 K except for nine compounds at 1000 K and a single compound at 900 K (indicated by solid keys).
The nine compounds with largest errors are formaldehyde (12) that are usually present in bio-oil. It is thus likely that the error in the estimation of ∆H bo at 600-1000 K is well below 1 kJ (mol-C-bio-oil) -1 , which is an order of magnitude smaller than that of estimation of H bo,0 .
According to the way of evaluating error in the estimation of H bo,0 (see Table 8 ),
contribution of the error in estimating ∆H bo to Q py was evaluated. As shown in Table 10 , the error of ∆H bo is expected to be smaller than ±0.1% of HHV of corresponding biomass. 
Effect of heating rate on heat required for the pyrolysis with T py = 773 K.
The cedar was pyrolyzed with four different heating rates while maintaining T py = 773 K. The product distribution and Q py are summarized in Table 12 . The estimated Q py is in a narrow range from 1.1 to 1.2 MJ kg -1 , but it seems to increase slightly with the heating rate. The effect of heating rate on the yields of some products are clear. The H 2 O and CO 2 yields decreases with increasing heating rate, suggesting suppression of cross-linking reactions to form H 2 O and CO 2 . [20] [21] [22] As expected from the suppressed cross-linking, the bio-oil yield and char yield largely increases and decreases with the heating rate, respectively. Such a significant change in the product distribution is, however, associated with change in Q py only by about 10%. compound by Eq.14 with optimized set of parameters (see Table 5 ). Table 4 . Keys: |∆H calc -∆H| > 1.5 kJ mol-C -1 . Remark: N and S contents were 0.2 -0.4 wt%-daf and less than 0.02 wt%-daf, respectively. Remark: N and S contents in the chars were 0.1 -0.5 wt%-daf and less than 0.1 wt%-daf, respectively. compound by Eq.14 with optimized set of parameters (see Table 5 ). Table 4 .
CONCLUSIONS
Keys: |∆H calc -∆H| > 1.5 kJ mol-C -1 .
